2-4). Thiosemicarbazones 7a-h first reacted with reagent 2a to give the initial thiazoline derivatives 8aЈ-hЈ, and then 8aЈ-hЈ via rearrangement to produce the more stable thiazoles 8a-h. Similarly, thiazole derivatives 9a-h were obtained by the reaction of thiosemicarbazones 7a-h and reagent 2b (Chart 3). Now, we believe that compounds 3e-h and 4e-h, which were synthesized by the reactions of thiosemicarbazones 1e-h with reagent 2a and 2b, respectively, should be the structure with thiazole moiety (Chart 3).
Oxidation is well known to be a major cause of material degradation. Recently, oxygen-reactive species-in particular free radicals-have been recognized to be involved in several diseases. Overwhelming evidence reveals that free radicals cause oxidative damage to lipids, proteins and nucleic acids. Antioxidants, which can inhibit or delay the oxidation of an oxidisable substrate in a chain reaction, would therefore seem to be very important in the prevention of diseases, including cancer, arthritis, heart disease and brain dysfunc- 1128 Vol. 55, No. 8 tion. [22] [23] [24] [25] For all of these reasons, this work measures the antioxidant properties of synthesized compounds by using improved 1,1-diphenyl-2-picryl-hydrazyl (DPPH) radical scavenging assay [16] [17] [18] and 2,2Ј-azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) free radical inhibition assay. [19] [20] [21] Both approaches have been recommended as useful tools for evaluating the antioxidant capacities of compounds. A study of the antioxidant capacity of known and new hydrazino-thiazole derivatives 3e-h, 4e-h, 8a-h and 9a-h could help to elucidate their structure-activity relationships and support the development of new drugs to improve the treatment of various diseases.
Scavenging Effect of Antioxidant Activity on DPPH Radical [16] [17] [18] The model of the scavenging of the stable DPPH radical is extensively applied to evaluate antioxidant activities in less time than that is required by other methods. DPPH is a stable free radical that can accept an electron or hydrogen radical and must thus be converted to a stable, diamagnetic molecule. DPPH has an odd electron and so has a strong absorption band at 517 nm. When this electron becomes paired off, the absorption decreases stoichiometrically with respect to the number of electrons or hydrogen atoms taken up. Such a change in the absorbance by this reaction has been extensively adopted to test the capacity of several molecules to act as free radical scavengers. The scavenging effects of all the compounds 3e-h, 4e-h, 8a-h and 9a-h on the DPPH radical were evaluated by the approach of Shimada, Leong and Braca under the same condition. [16] [17] [18] Various concentrations of the test compound in 1.5 ml methanol were added to a 1.5 ml (0.2 mM) solution of DPPH radical in methanol. (The final concentration of DPPH was 0.1 mM) The mixture was shaken vigorously and allowed to stand for 30 min; the absorbance of the resulting solution at 517 nm was measured using a Hitachi U-2001 spectrophotometer, and the percentage of activity was calculated. Vitamin E was used as a reference compound. All tests and analyses were performed on three replicates and the results averaged. The tests reveal that a greater concentration of the tested compound corresponded to greater radical scavenging activity. Figure 5 plots the profiles of the scavenging effect of compounds 8a-h and 9a-h on DPPH.
The scavenging activity of compounds 8a-h and 9a-h are perhaps due to the presence of an N-H group in the hydrazino moiety, which can donate a hydrogen atom to the DPPH radical. After donating a hydrogen atom, compounds 8a-h and 9a-h exist in a radical form, and the radical could delocalize to the thiazole ring and the NЈ-aryl ring to produce the stable resonance hybride shown in Chart 4. The electron conjugation in the structure stabilizes the radical, preventing it from participating in a destructive biochemical reaction. Based on our experimental result, the DPPH radical scavenging ability of compounds 9a-h is better than that of compounds 8a-h due to the electron resonance effect of phenyl group substituted at the thiazole ring in radical 9a-h making the radical more stable. Compounds 9a-h caused instantaneous decrease in the absorbance of DPPH, in a way similar to that of vitamin E, suggesting a high radical scavenger activity, whereas compounds 8e and 8f caused a more gradual decrease in absorbance, indicating a slower reactivity as compared with the reference compound. The electronwithdrawing resonance effect of CN substituent and the electronegativity inductive effect of pyridyl group make the radicals 8e and 8f less stable, respectively, relative to the others. Therefore, compounds 8e and 8f behave slightly worse DPPH radical scavenging ability than the other compounds.
The reaction of the DPPH radical may be based either on a charge transfer with tested compounds perhaps initiated by DPPH radical (eq. (I)) or on a combination of the DPPH radical with thiazole radical formed during the DPPH radical scavenging assay (eq. (II)). Because of their steric hindrance, a reaction of DPPH molecules with each other is not possible. The reaction mechanism of thiazoles 3e-h, 4e-h, 8a-h and 9a-h with DPPH radical was suggested at Chart 4. In the DPPH radical scavenging effect assay, when the concentration of thiazoles 3, 4, 8, and 9 was higher than that of DPPH radical, the quantity of thiazoles was enough to consume the DPPH radical and the stoichiometry of this reaction was 1 : 1 shown in Chart 4, eq. (I). When the concentration of the tested compounds was lower than that of DPPH radical, the residual DPPH radical might combine with the resulting thiazole radical 3, 4, 8, and 9 shown in Chart 4, eq. (II), and the stoichiometry of this reaction seemed to be higher than 1 : 1 in some case.
Besides that, 3-arylsydnonyl-substituted thiazoles 3e-h and 4e-h behaved the strong DPPH radical scavenging activity, which had been published before. 15) In this paper, we also re-examined their DPPH radical scavenging activity in the same condition as that of compounds 8a-h and 9a-h. The DPPH radical scavenging ability of compounds 4e-h is also better than that of compounds 3e-h due to the electron resonance effect of phenyl group substituted at the thiazole ring in radical 4e-h making the radical more stable. All the compounds 4e-h and 9a-h, with phenyl group substituted at the thiazole ring, behave the very strong DPPH radical scavenging activity, and the structural difference between them was that the formal was substituted with 3-arylsydnonyl moiety, the latter only with aryl group. The result of DPPH radical scavenging activity of all compounds 3, 4, 8 and 9 was summarized by IC 50 shown in Table 2 . Base on the IC 50 value suggests that the DPPH radical scavenging activities of compounds 4e-h and 9a-h substituted with phenyl group on the thiazole moiety are better than that of compounds 3e-h and 8a-h substituted with carboxylic acid ethyl ester, respectively. Moreover, the DPPH radical scavenging activities are in the order 4e-h>9a-h, 3e-h>8a-h, and it seems that the free radical (shown in Chart 4) can delocalize to the 3-arylsydnone ring in compounds 4e-h and 3e-h more than to the aryl ring in compounds 9a-h and 8a-h. In order to further reveal the contribution to antioxidant activity between 3-arylsydnonyl and aryl ring, using the other method, especially concerned with the reaction rate, was necessary. In this paper, measurement of lag time of antioxidant activity in ABTS/H 2 O 2 /HRP system was applied to test all the synthesized thiazole derivatives.
Measurement of Lag Time of Antioxidant Activity in ABTS/H 2 O 2 /HRP System [19] [20] [21] The other approach for measuring the antioxidant activity of compounds 3e-h, 4e-h, 8a-h and 9a-h was based on the inhibition of 2,2Ј-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) radical cation, which has a characteristic absorption spectrum with a maximum at 414 nm. Antioxidant compounds suppress the absorbance of the ABTS radical cation to an extent and on a time scale that depend on the antioxidant capacity 1130 Vol. 55, No. 8 ABTS is a peroxidase substrate, when oxidized in the presence of H 2 O 2 in a typical peroxidative reaction, generates a blue-green metastable radical with long half-life and an absorption maximum at 414 nm. The accumulation of the ABTS radical catalyzed by peroxidase can be inhibited by the presence of antioxidants in the reaction medium. This inhibition delays the accumulation of the ABTS radical and causes a lag time. The longer the lag time of the tested compound, the better the antioxidant capacity it is. Hence, we studied the antioxidant activity of the synthesized compounds 3e-h, 4e-h, 8a-h and 9a-h and the relation to a-tocopherol in the ABTS/H 2 O 2 /horseradish peroxidase system, using the Arnao and Rice-Evans method. [19] [20] [21] All the reagents are added together, and the reaction is started by the addition of hydrogen peroxide. Spectrophotometric measurements were made using a UV-visible absorption spectrometer Bio-Tek MQ 200R. The temperature was controlled at 25°C. The reactions were monitored at a wavelength of 414 nm. All tests and analyses were undertaken on three replicates and the results averaged. The time required to develop a blue-green color is monitored. Figure 6 displays the different time courses of ABTS oxidation at various a-tocopherol concentrations in the assay. Notably, the presence of a-tocopherol causes a lag time that is proportional to the atocopherol concentration to appear. The lag time before the steady state is reached is proportional to the concentration of the antioxidant.
The lag time of the antioxidant activity of all the compounds 3e-h, 4e-h, 8a-h and 9a-h in the ABTS/ H 2 O 2 /HRP system was measured using the same procedure as a-tocopherol. First, the tested compound was treated at different concentration, such as 0, 3, 6, 9, 12 nmol in the same ABTS oxidation condition as a-tocopherol, and the absorption at 414 nm was measured relative to time course. The resulting data curve showed that in the presence of tested compound a lag time appeared, which was proportional to the compound concentration. Then, the time course of ABTS radical inhibition with 6 nmol of each compound was chosen to plot in the figure to compare the lag time and antioxidant activity. Figure 7 displays different time courses of the ABTS oxidation by 6 nmol of compounds 3e-h, 4e-h, 8a-h and 9a-h in the assay. Table 3 lists the lag time and lag ratio to a-tocopherol for 6 nmol of antioxidant compounds that are assayed at pH 7.4.
Because the longer the lag time of the tested compound, the better the antioxidant capacity it is. The results reveal that the antioxidant activity of 3-arylsydnonyl-substituted thiazoles 4e-h is better than that of compounds 9a-h. Similarly, compounds 3e-h is also better than compounds 8a-h. The result of antioxidant activity by ABTS method is consistent with that by DPPH method. Synthesized thiazoles react with ABTS radical cation to generate ABTS and monodehydrothiazoles, which are radicals, as shown in Chart 4. The more stable the radical, the more easily the radical formed it is. Therefore, compounds 3e-h and 4e-h are more inhibitive to ABTS radicals than compounds 8a-h and 9a-h, respectively.
Nešpûrek, S. and other researchers have characterized sydnone skeleton. [26] [27] [28] The general structural formula of sydnone is presented by (A), (B) and (C) in Chart 5. The ring has a semi-aromatic character, the N(2)-N(3)-C(4)-C(5) portion together with the exocyclic oxygen atom, O(6), are conjugate like structure (I). Atom O(1) does not participate in conjugation and retains as its "individuality" more than the other atoms of the mesoionic system. The sydnone ring carries a negative charge on position C(4), and 3-substitutedsydnon-4-yl group has the electron-releasing property (Chart 5). Therefore, we could recognize that 3-arylsyndnon-4-yl group possesses greater electron-releasing ability than aryl ring does, because it simultaneously has the aryl ring and the sydnone ring. The free radical in 4e-h could delocalize to the sydnone and the aryl ring (Chart 5), and could be stabilized by the electron-releasing ability of 3-arylsydnon-4-yl moiety, so the lag time of compounds 4e-h was longer than that of compounds 9a-h, which were substituted only with aryl ring. Similary, the lag time of compounds 3e-h was also longer than that of compounds 8a-h. Therefore, we may conclude that not only the aryl ring has the contribution to he antioxidant activity, the sydnonyl moiety also has its indelible contribution.
Conclusion
In summary, this work clarifies the structural characterization and antioxidant activity between aromatic and 3-arylsydnonyl-substituted hydrazino-thiazoles by further synthesizing a series of aromatic or heterocyclic aromatic ring-substituted hydrazino-thiazole derivatives 8a-h and 9a-h. Hydrazinothiazoles 8a-h and 9a-h were obtained by reacting heterocyclic aromatic aldehyde thiosemicarbazones 7a-h with cyclization reagents 2a and 2b, respectively. The ORTEP drawings of compounds 8g, 8h and 9f provide strong evidence of the structure of heterocyclic or aromatic thiazole derivatives 8a-h and 9a-h. Undoubtedly, the structure of compounds 3e-h and 4e-h synthesized by the reaction of 3-aryl-4- formylsydnone thiosemicarbazones 1e-h with cyclization reagents 2a and 2b in the previous work should have the thiazole moiety, and not the thiazoline moiety. With a view to understand the structure-activity relationships, both new hydrazino-thiazole derivatives 8a-h and 9a-h and sydnonylsubstituted hydrazino-thiazoles 3e-h and 4e-h were studied to determine their antioxidant activity by two tests-the direct scavenging of a stable free 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical and the inhibition of the 2,2-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) radical. The result of DPPH free radical-scavenging assay indicated that the electron releasing resonance effect of phenyl group substituted at the thiazole ring made the radicals 4e-h and 9a-h more stable, and the electron withdrawing effect of 5-carboxylic acid ethyl ester made the radicals 3e-h and 8a-h less stable and decreased the DPPH radical scavenging ability. Both compounds 4e-h and 9a-h behave very strong DPPH radical scavenging activity, and the activity of 4e-h is slightly stronger than that of 9a-h by IC 50 of DPPH assay. The structural difference between them was that the formal was substituted with 3-arylsydnon-4-yl moiety, the latter only with aryl ring. In the ABTS method, antioxidant activity of compounds 4e-h was also better than that of compounds 9a-h. Similary, compounds 3e-h was also better than that of compounds 8a-h. The electron-donating resonance effect of 3-arylsydnon-4-yl group really stabilized hydrazino-thiazole radicals stronger than the only aryl ring did. Accordingly, not only the thiazole ring and the aryl ring have the contribution to the antioxidant activity, the sydnone ring in the 3-arylsydnonyl moiety might also contribute substantially in vitro by the two method-DPPH and ABTS assay.
Experimental
General All melting points were determined on an England Electrothermal Digital Melting Point apparatus and are uncorrected. IR spectra were recorded using a MATTSON/SATELLITE 5000 FT-IR spectrophotometer. Mass spectra were measured on a VG Quattro GC/MS/MS/DS spectrometer. 1 H-NMR spectra were obtained on a Bruker AMX-200 NMR spectrometer, using TMS as an internal standard. 13 C-NMR spectra were carried out with complete 1 H decoupling and assignments were made through additional DEPT experiments. Elemental analyses were taken with a Heraeus CHN-ORapid Analyzer or an Elementar Vario EL-III Analyzer. X-Ray spectra were performed on a Bruker AXS SMART APEX CCD diffractometer. Horseradish peroxidase (type VI, RZϭ3.0) and ABTS in the crystallized diammonium salt form were purchased from Sigma (U.S.A.). The concentration of enzyme horseradish peroxidase and ABTS were determined by measuring their absorbance using e 403 nm ϭ100000 M Ϫ1 cm Ϫ1 for enzyme and e 340 nm ϭ 36000 M Ϫ1 cm Ϫ1 for ABTS. a-Tocopherol, tergitol NP-40, potassium phosphate monobasic and potassium phosphate dibasic were also obtained from Sigma (U.S.A.). The buffer used is 50 mM potassium phosphate (pH 7.4). H 2 O 2 (30%, v/v) was obtained from Riedel-DeHäen (Germany).
Syntheses of Aromatic Aldehyde Thiosemicarbazones (7a-h) Thiosemicarbazide (6, 1.365 g, 15.0 mmol) was slowly added to a solution of 4-methylbenzaldehyde (5a, 1.20 g, 10.0 mmol) in absolute ethanol (10 ml). The mixed solution was heated at 45°C for 10 h and then cooled. The precipitating white solid (1.437 g) was collected by filtration and recrystallized from dichloromethane/ethanol to produce 1.202 g of 4-methylbenzaldehyde thiosemicarbazone (7a) as white powder in a yield of 62%. The chemical and physical spectral characteristics of these products 7a-h are given below.
4 The amount of antioxidant used in the assays was 6 nmol. The reaction mixture contained 2.5 nM peroxidase, 2 mM ABTS and 0.1 mM H 2 O 2 in 50 mM phosphate buffer (pH 7.4). 8a-h, 9a-h, 3e-h and 4e- 
Chart 5. The Properties of Sydnone Ring and the Difference of Electron Density among Radicals

Cyclization of Aromatic Aldehyde Thiosemicarbazones (7a-h) with Ethyl 2-Chloroacetoacetate (2a)
To the solution of 4-methylbenzaldehyde thiosemicarbazone (7a, 386 mg, 2 mmol) in absolute ethanol (6 ml), sodium acetate (492 mg, 6 mmol) was slowly added. Acetic acid (1 ml) was added as a catalyst and then ethyl 2-chloroacetoacetate (2a, 494 mg, 3 mmol) was slowly added to the above solution. The mixed solution was heated at 70°C for about 9 h until the reaction was completed. The system was then allowed to reach room temperature. The precipitating solid was collected by filtration and washed with ice-cold water and cold ethanol. The collected solid (451 mg) was recrystallized from dichloromethane/ethanol to afford 376 mg (1.24 mmol) of 4-methyl-2-[NЈ-(4-methylbenzylidene)hydrazino]thiazole-5-carboxylic acid ethyl ester (8a) as yellow powder in a yield of 62%. The chemical and physical spectral characteristics of these products 8a-h are given below. 3198, 3087, 2980, 1676, 1553, 1490, 1422, 1371 Cyclization of Aromatic Aldehyde Thiosemicarbazones (7a-h) with 2-Bromoacetophenone (2b) Sodium acetate (492 mg, 6 mmol) was slowly added to an iced-cold solution of 4-methylbenzaldehyde thiosemicarbazone (7a, 386 mg, 2 mmol) in absolute ethanol (2 ml). Acetic acid (0.5 ml) was added as a catalyst and then 2-bromoacetophenone (2b, 418 mg, 2.1 mmol) was slowly added to the above solution. The mixed solution was stirred at 0°C for about 5 h until the reaction was completed. The precipitate was collected by filtration and washed with ice-cold water and cold ethanol. The collected solid (573 mg) was recrystallized from dichloromethane/ethanol to afford 498 mg (1.70 mmol) of 4-phenyl-2-[NЈ-(4-methylbenzylidene)hydrazino]thiazole (9a) as a reddish orange powder in a yield of 85%. The chemical and physical spectral characteristics of these products 9a-h are given below. Scavenging Effect on 1,1-Diphenyl-2-picrylhydrazyl (DPPH) Radical The scavenging effect of the synthesized compounds 8a-9h on the DPPH radical was evaluated according to the method of Shimada, Leong and Braca. [16] [17] [18] Various concentrations of the test compound in 1.5 ml methanol were added to a 1.5 ml (0.2 mM) solution of DPPH radical in methanol (final concentration of DPPH was 0.1 mM). The mixture was shaken vigorously and allowed to stand for 30 min; absorbance at 517 nm was determined (Hitachi U-2001 Spectrophotometer), and the percentage of activity was calculated. Vitamin E was used as a reference compound. All tests and analyses were undertaken on three replicates and the results averaged.
scavenging activity (%)ϭ{[(AbϩAs)ϪAm]/Ab}ϫ100%
Ab: absorbance of 0.1 mM DPPH methanol solution at 517 nm;
As: absorbance of various concentration solution of test compound at 517 nm; Am: absorbance of mixture methanol solution at 517 nm Measurement of Lag Time of Antioxidant Activity in ABTS/ H 2 O 2 /HRP System To a 96-well microplate was transferred 151 ml of potassium phosphate buffer (50 mM, pH 7.4) containing 2% NP-40 (Nonidet P-40), 35 ml 0f 20 nM horseradish peroxidase in potassium phosphate, 10 ml of various concentration (3, 6, 9 nmol, etc) of tested compound in 1-methyl-2-pyrrolidon and 56 ml of 10 mM ABTS in potassium phosphate buffer, with vortexing. The reaction was initiated by adding 28 ml of 1.0 mM H 2 O 2 in potassium phosphate buffer. The clock was started, and the absorbance at 414 nm was determined using a Bio-Tek MQ 200R spectrophotometer at 6 s interval for 15 min. The incubation volume was thus 280 ml, and the reagents were at the desired concentration (2.5 nM horseradish peroxidase, 2 mM ABTS, 0.1 mM H 2 O 2 in 50 mM potassium phosphate). The blank was also performed simultaneously. All tests and analyses were conducted on three replicates and the results averaged.
